Introduction
============

Graphene is composed of a monoatomic sheet of carbon atoms in a honeycomb matrix and is known as one of the firmest materials ever studied with high tensile strength.[@b1-ijn-13-6871] Scientists have demonstrated a potential conflict of interest in this newly designed material due to its distinctive chemical characteristics, and medicinal features.[@b1-ijn-13-6871],[@b2-ijn-13-6871] Nano graphene oxide (NGO) is commonly fabricated through Hummers' method.[@b3-ijn-13-6871] NGOs provide a hydrophilic structure and their surface is simply functionalized with several functional groups.[@b4-ijn-13-6871],[@b5-ijn-13-6871] The unique characteristics of NGOs make them tremendously interesting candidates in several biomedical applications. For example, Gupta et al[@b6-ijn-13-6871] demonstrated that iron oxide-reduced graphene oxide (GO) nanohybrid can be used as a carrier for targeted drug delivery and induction of apoptosis in cancer cells. Dowaidar et al[@b7-ijn-13-6871] exhibited that GO in a complex with some peptides can be employed for oligonucleotides transportation. Grande et al[@b8-ijn-13-6871] showed that chitosan-GO nanocomposite provides excellent antimicrobial activity for implementation in food packaging. Yu et al[@b9-ijn-13-6871] demonstrated that self-fabricated hydroxyapatite/GO/chitosan nanocomposite can be applied for bone tissue regeneration. De et al[@b10-ijn-13-6871] exhibited the potential of multifunctional biopolymeric-GO-quantum dot nano-conjugate as nanovehicle in cancer therapy. Zhang et al[@b11-ijn-13-6871] reported a facile GO-mediated fluorescent nanobiosensor for the detection of telomerase assay. Sun et al[@b12-ijn-13-6871] reported in situ fabrication of GO/gold nanorods (nanohybrids) for potential cancerous cell computed tomography imaging, photothermal ablation, and diagnostics.

However, to utilize NGOs in medical practice, it is crucial to determine their toxicity through in vitro and in vivo investigations employing specific cell lines, proteins, theoretical, and animal models.

Indeed, the safety and adverse effects concerns about NGO and its distinctive health advantage to society are far from solved. Several previous studies have demonstrated that NGO and its nanocomposites stimulate low cell toxicity;[@b13-ijn-13-6871],[@b14-ijn-13-6871] however, investigations show conflicting outcomes.

For example, Goreham et al[@b13-ijn-13-6871] showed the low cytotoxicity of unmodified and folic acid-functionalized GO-quantum dots against macrophage and their implementations to fluorescence imaging of immortalized nontumorigenic human epidermal (HaCaT) cells. Peña-Bahamonde et al[@b14-ijn-13-6871] also revealed that modification of reduced GO with polysulfone brushes increases its antibacterial activities and decreases human toxic effects. However, Liao et al[@b15-ijn-13-6871] displayed the cytotoxicity of GO and graphene against erythrocytes and fibroblasts cells in a dose-dependent manner. Moreover, Li et al[@b16-ijn-13-6871] depicted that pristine graphene can stimulate cytotoxicity through the reduction of the mitochondrial membrane potential and the formation of intracellular ROS, and then induce apoptosis by switching on the mitochondrial pathways.

Moreover, graphene and NGOs interact strongly with biomacromolecules like proteins through different hydrophobic and hydrophilic interactions, potentially changing their structure and disrupting their function.[@b17-ijn-13-6871] However, De et al[@b18-ijn-13-6871] demonstrated by fluorescence spectroscopy and circular dichroism (CD) investigation that α-chymotrypsin--GO interaction is potentially biocompatible and GO induces no changes on the α-chymotrypsin's secondary structure over time.

Therefore, conflicting results have been reported regarding the interaction of NGOs with the protein structure and induced cytotoxicity. The aim of this study was to investigate the interaction of NGOs with human hemoglobin (Hb) and lymphocyte cell as an in vitro blood system model. Different spectroscopic methods (CD and fluorescence), molecular docking, cellular assays, and molecular assay were performed to address the toxic effects of NGOs on biological systems such as Hb and lymphocyte cells.

Materials and methods
=====================

Chemicals and reagents
----------------------

Hb, fetal bovine serum, and dimethyl sulfoxide were purchased from Sigma-Aldrich Co (St Louis, MO, USA). All other materials were of analytical grade.

Synthesis of NGOs
-----------------

A modified Hummer method was used for the fabrication of NGOs. Graphite powder and 50 mL sulfuric acid were mixed, 2 g sodium nitrate was added, stirred, 3.7 g potassium permanganate was added, and the mixture was kept for 2 hours on an ice bath. Then, the temperature was raised to 37°C for 2 hours, 46 mL deionized water was added, stirred for 30 minutes at 90°C, followed by the addition of 140 mL deionized water and 16 mL H~2~O~2~ (30%). Samples were then stirred at 30 kHz for 30 minutes, centrifuged (5,000 rpm for 5 minutes), washed with hydrochloric acid 3% three times, filtered, and vacuum dried at 90°C for 24 hours. Finally, 1 mg of the fabricated NGO was dissolved in 1 mL of deionized water solution under ultrasonic conditions for 30 minutes.

Characterization of NGOs
------------------------

Transmission electron microscopy (TEM) image was captured by Zeiss-EM10C-100 KV microscopes (Carl Zeiss Meditec AG, Jena, Germany) to depict the morphology and size of NGOs. The crystalline structure of NGOs was observed by an X-ray diffractometer (PW1730, voltage: 40 kV, current: 30 mA; Philips, Amsterdam, the Netherlands). The Fourier transform infrared spectroscopy (FTIR) spectrum of the NGOs was collected by a VERTEX 70-Bruker IR spectrophotometer (Billerica, MA, USA), resolution 4 cm^−1^, in the wavelength range of 400--4,000 cm^−^[@b1-ijn-13-6871]. Zeta potential data were determined by a dynamic light scattering instrument (Brookhaven Instruments Corporation, Holtsville, NY, USA).

Extrinsic fluorescence spectroscopy
-----------------------------------

The extent of exposure of hydrophobic patches in Hb (0.1 µg/mL) after incubation with increasing concentrations of NGOs (0.01--10 µg/mL) was investigated by their capability to attach with the ANS fluorescent dye. ANS was dissolved in methanol and its concentration was calculated based on the extinction coefficient (ε) of 5,000 M^−1^ cm^−^[@b1-ijn-13-6871] at 350 nm.[@b19-ijn-13-6871] For determination of the hydrophobic surface of Hb after addition of NGOs, a 50 molar fold excess of ANS was added to the sample and incubated at room temperature in the dark for 5 minutes. The fluorescence intensity was recorded using Cary Eclipse (Agilent Technologies, Santa Clara, CA, USA) fluorescence spectrophotometer with excitation at 380 nm and emission between 400 and 650 nm.

Synchronous fluorescence spectroscopy
-------------------------------------

Fluorescence intensity was read on a Cary Eclipse fluorescence spectrophotometer. Synchronous fluorescence spectroscopy was carried out based on the Δλ of 20 and 60 nm to selectively detect microenvironmental changes around tyrosine and tryptophan residues, respectively. Scan rate was fixed at 200 nm min^−1^ and slit widths for emission and excitation were set to 5 and 10 nm, respectively. The protein concentration applied for all fluorescence studies was 0.1 µg/mL. Also, the NGOs concentration used for the synchronous fluorescence spectroscopy study was in the range of 0.01--10 µg/mL. All fluorescence spectra were corrected against background intensity (pure buffer and NGOs solutions).

CD spectroscopy
---------------

The far CD bands of Hb at a wavelength range of 190--260 nm in the presence of increasing concentrations of NGOs were explored. The CD experiment was performed with an Aviv model 215 spectropolarimeter (Aviv Biomedical, Inc, Lakewood, NJ, USA) at 25°C. All runs were carried out in triplicates and data were reported as the average. Also, the Hb bands were subtracted from those of buffer and NGO intensities. Secondary structural alterations of Hb with a concentration of 0.2 µg/mL (pH 7.4, 10 mM phosphate buffer) were determined after addition of increasing concentrations of NGOs ranging from 0.02 to 20 µg/mL. The α-helix content of Hb was then estimated by CDNN software (Lakewood, NJ, USA) from mean residue ellipticity (MRE, Leatherhead, Surrey, UK) values at 208 nm based on [Equation 1](#fd1-ijn-13-6871){ref-type="disp-formula"}: $$\alpha - \text{helix}(\%) = \frac{( - \text{MRE}_{208} - 4,000)}{(33,000 - 4,000)} \times 100$$where MRE~208~ exhibits the measured MRE value at 208 nm, 4,000 is the MRE of the β-form and random coil conformation at 208 nm, and 33,000 demonstrates the MRE value of the pure α-helix at 208 nm.

MRE~208~ can be calculated from [Equation 2](#fd2-ijn-13-6871){ref-type="disp-formula"}: $$\text{MRE}_{208} = \frac{\theta(\text{mdeg})}{C_{p}nl10}$$where, *θ* is the observed CD, *C~p~* displays the molar concentration of Hb, *n* is the number of amino acid residues, and *l* is the path length of the cuvette.

Molecular docking study
-----------------------

A 3×3 nm GO nanosheet with carboxyl terminal groups was optimized using universal force field (UFF) which used the Avogadro software (Libavogadro Library, Pittsburgh, PA, USA).[@b20-ijn-13-6871] This cluster was used as the NGO model. Molecular docking was carried out by HEX 6.3 software (Aberdeen, Scotland, UK).[@b21-ijn-13-6871]

Cell culture
------------

Human lymphocyte cell was obtained from the National Institute of Genetic Engineering and Biotechnology, Tehran, Iran, under approval from the Ethical Committee of the Pharmaceutical Sciences Branch, Islamic Azad University of Tehran.[@b22-ijn-13-6871] The cells were cultured in RPMI-1640 medium containing 12.5% fetal bovine serum, 100 U/mL penicillin, and 100 µg/mL streptomycin. The cell culture was incubated at 37°C in a humidified incubator containing 5% CO~2~. Phytohemagglutinin was also added to stimulate lymphocyte cell proliferation.[@b22-ijn-13-6871]

Trypan blue exclusion assay
---------------------------

Cell viability was examined by trypan blue exclusion assay. Lymphocyte cells were cultured at a density of 1×10^4^ cells per well. After 24 hours, the cells were treated with varying concentrations of NGOs (0, 1, 10, 20, 50, and 100 µg/mL) for 24 hours. Afterwards, they were collected and stained with 0.4% trypan blue. The trypan blue-positive and -negative cells for each dose were determined by a hemocytometer. Three independent experiments were run.

Cellular uptake of NGOs
-----------------------

The uptake of NGOs was investigated by flow cytometry.[@b22-ijn-13-6871] Side-scattered light (SSC) is normally influenced by intracellular compositions whereas forward-scattered light (FSC) is generally affected by cell size; however, both SSC and FSC also alter upon cellular internalization of particles. The lymphocyte cells were incubated with IC~50~ concentrations of NGOs for 24 hours, and afterwards the cells were harvested and analyzed by flow cytometry (FACSCalibur; BD Biosciences, San Jose, CA, USA).

Measurement of intracellular ROS levels by flow cytometry
---------------------------------------------------------

The formation of intracellular ROS was assayed by flow cytometry utilizing the fluorescent probe 2′,7′-dichlorofluorescein diacetate (DCFH-DA). Lymphocyte cells were treated with IC~50~ concentration of NGOs for 24 hours. Afterwards, the cells were incubated with 50 µmol/L of DCFH-DA for 30 minutes in the dark. Then, the cells were washed with PBS, collected, and resuspended in PBS. The fluorescence intensity of 2′,7′-dichlorofluorescein was then read using flow cytometry (FACSCalibur).

Cell cycle analysis by flow cytometry
-------------------------------------

Cell cycle assay was investigated to detect the quantitative distribution of cells in G0, G1, S, and G2/M phases. The cells were treated with IC~50~ concentrations of NGOs for 24 hours, harvested, fixed, washed in PBS, and stained with propidium iodide (PI) and RNaseA in PBS for 30 minutes at room temperature. The samples were assayed by flow cytometry (FACSCalibur).

Apoptosis detection by flow cytometry
-------------------------------------

The quantitative analysis of apoptosis after treatment with IC~50~ concentration of NGOs was done using flow cytometry (FACSCalibur). Lymphocyte cells were treated with IC~50~ concentration of NGO for 24 hours, harvested, washed in PBS, resuspended in Annexin-V binding, stained with Annexin V-FITC for 15 minutes, and stained with PI for 15 minutes. The staining data were then explored to quantitatively analyze the apoptosis induction by NGOs.

Real-time PCR analysis
----------------------

The expression level of B-cell lymphoma-2 (*BCL2*) and *BAX* genes was determined by real-time PCR analysis. TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA) was used to extract total RNA according to the manufacturer's instructions. The synthesis of cDNA was then carried out by RevertAid first-strand cDNA synthesis kit (Takara, Japan) according to the manufacturer's instructions. The primer sequences are summarized in [Table 1](#t1-ijn-13-6871){ref-type="table"}.

Quantitative real time-PCR was performed on an ABI Step One Sequence Detection System (Thermo Fisher Scientific) by SYBR^®^ Premix Taq™ II (Takara, Japan). The relative expression levels of *BCL2* and *BAX* were determined in comparison with GAPDH as an endogenous control gene. Comparative threshold cycle (2^−ΔΔCT^) method was employed to analyze the data.

Statistical analyses
--------------------

All data are reported as means ± SD of three independent experiments. Data from the negative control and treated groups were statistically analyzed using one-way ANOVA. \**P*-value \<0.05 was considered statically significant.

Results
=======

[Figure 1A](#f1-ijn-13-6871){ref-type="fig"} shows the TEM visualization of the NGOs. As demonstrated, the NGOs display very thin layers with diameter distribution of 20 nm. [Figure 1B](#f1-ijn-13-6871){ref-type="fig"} depicts the X-ray diffraction (XRD) pattern of NGO which shows a broad diffraction peak that appears around 10°. This XRD pattern is in accordance with already reported XRD data of NGOs.[@b23-ijn-13-6871] [Figure 1C](#f1-ijn-13-6871){ref-type="fig"} exhibits the FTIR spectrum of NGOs. In the FTIR band of NGOs, strong and broad O--H stretching vibration band at 3,430 cm^−^[@b1-ijn-13-6871], C=O stretching band at 1,725 cm^−^[@b1-ijn-13-6871], O--H bending band at 1,410 cm^−^[@b1-ijn-13-6871], and C--O stretching vibration at 1,095 cm^−^[@b1-ijn-13-6871] were detected. These data are in good agreement with the already published data for NGOs.[@b24-ijn-13-6871] Zeta potential data were also collected to determine the charge distribution and colloidal stability of NGOs. It was shown that the zeta potential values of NGOs in deionized water and cell culture medium were around −49.59±3.71 and −31.14 mV, respectively. These data depict a relatively good colloidal dispersion of the NGOs in both deionized water and cell culture medium.

ANS fluorescent experiment
--------------------------

ANS can bind to the hydrophobic portions of proteins. Indeed, unfolded proteins due to exposed hydrophobic moieties are prone to provide an environment to establish nonpolar--nonpolar interactions with ANS. [Figure 2](#f2-ijn-13-6871){ref-type="fig"} displays that upon addition of increasing concentrations of NGOs to Hb solution, the signal intensity of ANS increases, indicating that Hb has experienced substantial denaturation and subsequent unfolding in the globular structure. Also, a marked blue shift from 504 to 492 nm is detected after addition of NGOs to the Hb solution, determining the exposure of hydrophobic residues on the protein surface.

Synchronous fluorescence spectroscopy
-------------------------------------

Synchronous fluorescence spectroscopy is known as a potential method to investigate the microenvironmental changes around tyrosine and tryptophan residues.[@b25-ijn-13-6871] The synchronous fluorescence spectrum shows alteration in the microenvironment of tyrosine amino acids examined with Δλ =15 nm, and the same for tryptophan amino acids investigated with Δλ =60 nm.[@b25-ijn-13-6871] Herein, the same Δλ values were fixed to consider microenvironmental changes around tyrosine and tryptophan residues after incubation of Hb with NGOs. [Figure 3A](#f3-ijn-13-6871){ref-type="fig"} shows that, at Δλ =15 nm, a considerable red shift is observed from 309 to 314 nm determining the probability of alteration in the microenvironment of tyrosine residues. However, at Δλ =60 nm ([Figure 3B](#f3-ijn-13-6871){ref-type="fig"}), no marked shift in the maximum wavelength of the Hb sample was detected after addition of increasing concentrations of NGOs, revealing no substantial structural changes around tryptophan residues. Therefore, it may be indicated that the polarity around reduces in the presence of NGOs.

CD study
--------

CD spectroscopy has been widely employed as a simple and sensitive method for exploring structural changes of protein after addition of ligands such as nanoparticles (NPs).[@b26-ijn-13-6871] The CD bands of Hb show two characteristic minima at 222 and 208 nm, featuring the dominant α-helix structure of Hb.[@b26-ijn-13-6871] Indeed, any changes to the helical structure of Hb result in protein dysfunction. Therefore, determining the percentage of the secondary structure of Hb in the presence of varying concentrations of NGOs can provide useful information regarding the adverse effects of NGOs on the native structure of Hb. [Figure 4](#f4-ijn-13-6871){ref-type="fig"} demonstrates that the minimum ellipticity of Hb changes in the presence of increasing concentrations of NGOs. The percentage of the secondary structure of Hb in the presence of varying concentrations of NGOs is summarized in [Table 2](#t2-ijn-13-6871){ref-type="table"}. It may be indicated that after addition of NGOs the percentage of α-helix content reduces as the concentration of NGOs increases. Indeed, the unfolded species of Hb (% β-sheet, % turn, and % random coil) increases after addition of NGOs, revealing the denaturation of Hb in the presence of NGOs. These data may infer that the adsorption of Hb onto the NGOs surface results in the alteration of the secondary structure of the protein.

Molecular docking study
-----------------------

A 3×3 nm GO nanosheet modified with carboxyl functional moieties was optimized employing UFF which used the Avogadro software ([Figure 5](#f5-ijn-13-6871){ref-type="fig"}). Molecular docking investigation is widely used as a descent approach in the biochemical and biophysical studies to explore in detail the interaction of ligand with proteins.[@b27-ijn-13-6871] The crystallographic structure of Hb (PDB ID 2H35) was obtained from the online Research Col-laboratory for Structural Bioinformatics Protein Data Bank (<http://www.pdb.org>). Molecular docking was performed with a designed GO nanosheet. The resulting binding energy was calculated to be −892.35 E-value. The docked site was visualized by CHIMERA ([www.cgl.ucsf.edu/chimera](http://www.cgl.ucsf.edu/chimera)) and PyMOL (<http://pymol.sourceforge.net/>) graphical tools. The docked site is shown in [Figure 5B](#f5-ijn-13-6871){ref-type="fig"}. The GO nanosheet with interacting residues within 4 Å and the spatial conformation in the binding site are depicted in [Figure 5C and D](#f5-ijn-13-6871){ref-type="fig"}. The nearest interacting residues are Thr-134.A, Thr-137.A, Ser-138.A, Lys-139.A, Thr-140.A, Val-96.A, Pro-100.D, Glu-101.D, Asn-102.D, Arg 141.C, Tyr-140.C, Lys-139.C, Thr-137.C, and Lys-99.C.

Therefore, it was shown that the interaction of NGOs with Hb could occur by means of polar--polar forces and these interactions are stable when protein is in the globular form with distribution of hydrophilic polar residues on its surface. Also, synchronous fluorescence spectroscopy demonstrated that Tyr residues moved to a more hydrophilic residue after interaction of Hb with NGOs. The molecular docking study revealed that Tyr-140.C may have experienced a displacement in the structure of the protein.

Trypan blue exclusion assay
---------------------------

The cytotoxicity of NGOs against human lymphocyte cell line was explored by the well-known Trypan blue exclusion assay. In this regard, increasing doses of NGOs from 1 to 100 µg/mL were incubated with cells for 24 hours to assess the NGOs-stimulated cytotoxicity. [Figure 6](#f6-ijn-13-6871){ref-type="fig"} shows that the viability of cells decreases to 96.18±8.75, 85.00±8.30, 63.19±10.06, 42.94±4.06, and 22.29%±4.58% after increasing the concentrations of NGOs to 1, 10, 20, 50, and 100 µg/mL, respectively. It also shows that lymphocyte viability decreases as the concentration of NGOs increases and IC~50~ concentration was determined to be 50.07+7.2 µg/mL. This concentration was used for ROS, cell cycle, and apoptosis assays.

It should be noted that the NGOs induced significant cytotoxicity against lymphocyte cell line at 10 µg/mL and concentrations \<10 µg/mL of NGOs do not show any cytotoxic effects against lymphocyte cell. Therefore, investigations can be made in the future on the anticancer effect of NGOs with lower doses of 10 µg/mL. If NGOs can inhibit the proliferation of cancerous cells in the dose range of 1--10 µg/mL, then they can be applied for cancer therapy.

The cell uptake, ROS, cell cycle, and apoptosis assays were performed to detect the mechanism of cytotoxicity of NGOs against human lymphocyte cells.

Cellular uptake
---------------

The cytoplasmic uptake of NGOs by lymphocytes was investigated by flow cytometry. [Figure 7A and B](#f7-ijn-13-6871){ref-type="fig"} shows the histogram of normal cells and NGOs-incubated cells, respectively. A significant enhancement in the fluorescent intensity of SSC and a reduction in FSC ([Figure 7B](#f7-ijn-13-6871){ref-type="fig"}) were observed after lymphocyte cells were exposed to the IC~50~ concentration of NGOs for 24 hours. This is well documented to be a result of light reflection that derived from cellular NP internalization.[@b22-ijn-13-6871]

Intracellular ROS generation
----------------------------

The IC~50~ dose of NGOs was added to the lymphocyte cell culture for 24 hours and intracellular ROS formation was investigated by flow cytometry. The flow cytometry study showed that the mean fluorescence intensity was 1,088 for the negative control sample ([Figure 8A](#f8-ijn-13-6871){ref-type="fig"}). However, the addition of NGOs to lymphocyte enhanced the mean fluorescence intensity to 2,188 (\*\**P*\<0.01) ([Figure 8B](#f8-ijn-13-6871){ref-type="fig"}). This outcome indicated that NGOs markedly induced the elevation of intracellular ROS level in the lymphocyte cell ([Figure 8C](#f8-ijn-13-6871){ref-type="fig"}).

Cell cycle assay
----------------

The cell cycle test was carried out to investigate whether NGOs stimulate cell cycle arrest and apoptosis. The apoptotic cells depict an increase in the population of cells in G~0~ phase. As exhibited in [Figure 9A](#f9-ijn-13-6871){ref-type="fig"}, the population of cells in G~0~ is 9.52%. However, the addition of IC~50~ concentration of NGOs leads to an increase of the percentage of cells in the G~0~ phase to 52.24% (\*\*\**P*\<0.001) ([Figure 9B](#f9-ijn-13-6871){ref-type="fig"}). Hence, the number of apoptotic cells significantly increased in the presence of IC~50~ concentration of NGOs for 24 hours. The data depicted that the IC~50~ concentration of NGOs reduced the viability of lymphocyte cell through apoptosis induction. It can be also seen that the number of cells in the G2/M phase significantly decreases after addition of NGOs (\*\**P*\<0.01) compared to the control group ([Figure 9C](#f9-ijn-13-6871){ref-type="fig"}). However, the population of cells in the S-phase is not markedly changed after addition of NGOs relative to the negative control. These data indicated that NGOs inhibit the proliferation of lymphocyte cell along with cytotoxicity through apoptosis induction. However, NGOs do not interfere with the synthesis of DNA and the number of cells in the S-phase.

Flow cytometry assay
--------------------

The lymphocyte cells were incubated with an IC~50~ dose of NGOs for 24 hours, and the quantity of apoptotic cells was calculated by flow cytometry ([Figure 10A and B](#f10-ijn-13-6871){ref-type="fig"}). As shown in [Figure 10C](#f10-ijn-13-6871){ref-type="fig"}, after incubation, the percentage of early apoptotic cells (Q2), late apoptotic cells (Q3), and necrotic cells (Q4) increased to 23.2±3.86 (\**P*\<0.05), 29.7±4.95 (\*\*\**P*\<0.001), and 13.4%±2.23% (\*\*\**P*\<0.001) over those of the control 16.9±2.41, 1.29±0.18, and 1.85%±0.26%, respectively. Statistically significant differences were reported between the NGOs-incubated group and the negative control sample in the induction of early apoptosis, late apoptosis, and necrosis.

Genotoxicity assay
------------------

The fold changes in expression of *BCL2* and *BAX* genes in the absence and presence of different concentrations of NGOs (50, 100, and 200 µg/mL) compared to the control group were as follows: the expression of *BCL2* in the cells incubated with 100 µg/mL (\**P*\<0.05) and 200 µg/mL (\*\**P*\<0.01) of NGOs for 24 hours significantly decreased in comparison with the control sample ([Figure 11A](#f11-ijn-13-6871){ref-type="fig"}). *BAX* demonstrated a significant increase in the incubated cells with 100 µg/mL (\**P*\<0.05) and 200 µg/mL (\**P*\<0.05) of NGOs for 24 hours compared to the control group ([Figure 11B](#f11-ijn-13-6871){ref-type="fig"}). [Figure 11C](#f11-ijn-13-6871){ref-type="fig"}, therefore shows that the relative *BAX*/*BCL2* expression increases in the NGOs-treated group compared to the control group in a dose-dependent fashion.

Discussion
==========

NPs, natural or man-made, show a number of implementations in various fields such as physics, biology, and medicine.[@b28-ijn-13-6871]--[@b30-ijn-13-6871] However, it has been reported that NPs may induce some adverse effects on the cells and proteins and stimulate several disorders associated with cellular damage and protein unfolding.[@b31-ijn-13-6871],[@b32-ijn-13-6871]

NGOs are used in different areas such as biotechnology and nanomedicine.[@b33-ijn-13-6871],[@b34-ijn-13-6871] Proteins are considered to perform a number of crucial functions. The interaction of NPs with protein and their effects on Protein conformation and corresponding function are a prime domain of study these days. We studied how NPs especially NGOs interact with proteins like Hb and thus affect their biological functions, shedding light on the side effects of NPs. Several studies have demonstrated the importance of understanding the adverse effects of NPs, before determining their implementations in vivo.[@b35-ijn-13-6871] Indeed, studies should focus on describing the dual role of carbon-based nanomaterials in both biomedicine and toxicity issues.

Herein, we showed that NGOs induced some adverse effect on the secondary and tertiary structure of Hb.

The interaction between Hb and bare cadmium sulfide quantum dots has been explored by several spectroscopic techniques under physiological pH. It was determined that bare cadmium sulfide quantum dots substantially change the conformation of Hb and reduce the α-helix content of the secondary structure.[@b36-ijn-13-6871]

The binding of silver NPs to bovine Hb was also investigated by several spectroscopic techniques.[@b37-ijn-13-6871] The Soret spectrum of Hb in the presence of silver NPs depicted substantial intensity alteration, which revealed that the heme moieties of Hb were degraded by silver NPs. The fluorescence outcome displayed that NP binding to Hb is carried out with a single binding site through a dynamic quenching complex. NPs could quench the fluorescence intensity of Hb. The CD investigation exhibited a secondary structural alteration of Hb in the presence of silver NPs. The helicity of Hb substantially decreased by increasing concentrations of silver NP.[@b37-ijn-13-6871]

The interaction between bovine Hb and zinc oxide NPs showed the static mode of fluorescence quenching of Hb by zinc oxide NPs.[@b38-ijn-13-6871] The binding of zinc oxide NPs to Hb was a spontaneous interaction in which electrostatic forces contributed as the main forces in complex formation. The CD minima showed that α-helicity of Hb decreased by increasing concentrations of zinc oxide NPs.[@b38-ijn-13-6871]

The interaction of Fe~2~O~3~ NPs with Hb was evaluated by multi-spectroscopic techniques.[@b39-ijn-13-6871] Hydrophobic forces were determined to be the predominant intermolecular interactions to stabilize the complex. The CD investigations showed marginal side effects of Fe~2~O~3~ NPs on the secondary structural changes of Hb.[@b39-ijn-13-6871]

The interaction between gold NPs and bovine Hb showed that there was a strong interaction between gold NPs and Hb.[@b40-ijn-13-6871] The hydrophobic interactions and hydrogen bonds demonstrated a crucial role in the formation of the complex. Changes of Hb secondary structure in the presence of gold NPs were also demonstrated by CD spectroscopy.[@b40-ijn-13-6871]

The interaction of Hb, gamma globulin, and transferrin with hydroxyl group-modified multi-walled carbon nanotubes was explored by several spectroscopic methods.[@b41-ijn-13-6871] Probable changes around the aromatic microenvironment of these proteins were shown. Also, possible alterations toward their secondary structure after interactions with modified multi-walled carbon nanotubes were revealed. Further investigations by CD spectroscopy exhibited the loss of α-helical structures. This investigation provided useful information regarding the biosafety profile of functionalized multi-walled carbon nanotubes for their in vivo biomedical implementations.[@b41-ijn-13-6871]

The interaction of nanodiamond and silicon dioxide NPs with Hb also showed secondary and tertiary structural changes of Hb.[@b42-ijn-13-6871],[@b43-ijn-13-6871]

It has been shown that fullerene NPs synthesized by different methods induce various impacts on human serum albumin and bovine serum albumin conformations. The crucial difference between the two investigations was the fabrication methods of fullerene NPs, and principal differences between the main NPs fabricated by the two methods were the NP size distributions.[@b44-ijn-13-6871],[@b45-ijn-13-6871] Therefore, it can be speculated that NP size distribution might be the key factor leading to different binding affinities of NPs to serum proteins.[@b46-ijn-13-6871]

In the cellular investigations, it was revealed that NGOs stimulated cytotoxicity in a concentration-dependent manner. The probable mechanism of cytotoxicity was suggested to be triggered by ROS production, cell cycle arrest, and apoptosis induction through the *BAX* and *BCL2* pathway.

The cytotoxicity of NGO and graphene in human erythrocytes and skin fibroblasts has been also studied.[@b47-ijn-13-6871] It was proved that at the smallest size, NGOs induced the greatest hemolytic activity, whereas agglomerated graphene sheets displayed the lowest hemolytic activity. Modifying NGOs with chitosan significantly reduced the hemolytic activity. Together, these data indicate that NP dimension and surface modification of NPs show a substantial effect on the biological behaviors of red blood cells. In addition, the cytotoxicity of NGOs and graphene sheets was depicted by assaying mitochondrial activity in human skin fibroblasts. It was demonstrated that the dense graphene sheets are more cytotoxic to fibroblasts than the less compact NGOs. Distinctly, adverse effects of graphene and NGOs depend on the colloidal stability of NPs and mode of interactions.[@b47-ijn-13-6871]

Comparison of cellular uptake and cytotoxicity of multi-walled carbon nanotubes, NGOs, and nanodiamond displayed that all of these NPs were easily infiltrated by HeLa cells through nonspecific cellular internalization in the following order: nanodiamond \> multi-walled carbon nanotubes \>. NGOs. It was revealed that these NPs have a dose- and time-dependent toxicity against HeLa cells.[@b48-ijn-13-6871]

Some other studies regarding the cytotoxicity of GO have been summarized in [Table 3](#t3-ijn-13-6871){ref-type="table"}.

Also, in order to determine the mitochondrial apoptosis induction stimulated by NGOs in lymphocyte cells, we explored the influence of NGOs on the expression of *BCL2* and *BAX* in vitro. The expression of *BCL2* in lymphocyte cells treated with NGOs (100 and 200 µg/mL) markedly decreased in comparison to the control. *BAX* revealed a significant increase in the lymphocyte cells treated with NGOs (100 and 200 µg/mL) compared to the control group. Our data are consistent with the results of Ding et al reported that the toxic mechanism of NGOs is caused by the induction of ROS-dependent apoptosis through the *BCL2* pathway.[@b57-ijn-13-6871] According to Li et al, NGOs could trigger macrophage apoptosis by the activation of BIM and *BAX*.[@b58-ijn-13-6871]

Therefore, it may be concluded that NGOs-induced cytotoxicity and their toxic mechanisms depend on several factors such as cell type, functional groups, and the size of NPs. To employ NGOs in medical settings, these factors should be controlled to reduce NGO-induced cytotoxicity in normal cells.

Conclusion
==========

This research investigated the effect of NGOs on Hb structure and lymphocyte cell by spectroscopy, docking, cellular, and molecular studies. It was shown that NGOs can denature the quaternary and secondary structure of protein in the vicinity of Tyr residues. Also, NGOs can stimulate cytotoxicity against human lymphocyte cells through generation of ROS, cell cycle arrest, and apoptosis induction. Therefore, detailed studies on the behavior of NGOs in vivo should be designed to explore the exact mechanism driving the toxicity of NPs.
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![The TEM image of NGOs (**A**), the XRD pattern of GO (**B**), the FTIR spectrum of NGOs (**C**).\
**Abbreviations:** TEM, transmission electron microscopy; XRD, X-ray diffraction; FTIR, Fourier transform infrared spectroscopy; GO, graphene oxide; NGO, nano graphene oxide.](ijn-13-6871Fig1){#f1-ijn-13-6871}

![The signal intensity of ANS after addition of increasing concentrations of NGOs (0, 0.01, 0.1, 5, and 10 µg/mL) to Hb solution (0.1 µg/mL).\
**Abbreviations:** ANS, 8-anilinonaphthalene-1-sulfonic acid; NGO, nano graphene oxide; Hb, hemoglobin.](ijn-13-6871Fig2){#f2-ijn-13-6871}

![Synchronous fluorescence spectroscopy of Hb (0.1 µg/mL) after addition of increasing concentrations of NGOs with Δλ =15 nm (**A**) and 60 nm (**B**).\
**Abbreviations:** NGO, nano graphene oxide; Hb, hemoglobin.](ijn-13-6871Fig3){#f3-ijn-13-6871}

![The CD signal after addition of increasing concentrations of NGOs (0, 0.02, 0.2, 10, and 20 µg/mL) to Hb solution (0.2 µg/mL).\
**Abbreviations:** CD, circular dichroism; NGO, nano graphene oxide; Hb, hemoglobin.](ijn-13-6871Fig4){#f4-ijn-13-6871}

![3×3 nm GO nanosheet modified with carboxyl functional moieties (**A**), the docked site (**B**), two rotational views of docked pose (**C**, **D**).\
**Abbreviation:** GO, graphene oxide.](ijn-13-6871Fig5){#f5-ijn-13-6871}

![The viability of lymphocyte cell against increasing concentrations of NGOs (1, 10, 20, 50, and 100 µg/mL) by Trypan blue exclusion test.\
**Note:** \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 compared with the negative control sample.\
**Abbreviations:** NGO, nano graphene oxide; NP, nanoparticle.](ijn-13-6871Fig6){#f6-ijn-13-6871}

![The study of NGOs internalization into the cytoplasm of lymphocyte cells by flow cytometric light scatter.\
**Notes:** Lymphocyte cells with 0 µg/mL of NGOs (**A**) and with IC~50~ concentration of NGOs under dark conditions for 24 hours (**B**). The fluorescent intensity of both SSC and FSC was analyzed by flow cytometry.\
**Abbreviations:** NGO, nano graphene oxide; SSC, side-scattered light; FSC, forward-scattered light.](ijn-13-6871Fig7){#f7-ijn-13-6871}

![Mean ROS formation in the lymphocyte cell in the absence (**A**) and presence of IC~50~ concentration of NGOs (**B**). The quantitative analysis was plotted to show the ROS result based on the FL1-H intensity (**C**).\
**Note:** \*\**P*\<0.01 compared with the negative control sample.\
**Abbreviations:** NGO, nano graphene oxide; NP, nanoparticle.](ijn-13-6871Fig8){#f8-ijn-13-6871}

![Lymphocyte cells were incubated with IC~50~ concentrations of NGOs for 24 hours and the cell cycle phases in the absence (**A**) and presence of NGOs (**B**) were determined by flow cytometry. The quantitative analysis was plotted to show the population of cell cycle phases (**C**).\
**Note:** \*\**P*\<0.01 and \*\*\**P*\<0.001 compared with the negative control sample.\
**Abbreviations:** NGO, nano graphene oxide; NP, nanoparticle.](ijn-13-6871Fig9){#f9-ijn-13-6871}

![Lymphocyte cells were incubated with IC~50~ concentrations of NGOs for 24 hours and the induction of apoptosis in the absence (**A**) and presence of NGOs (**B**) was determined by flow cytometry. The quantitative analysis was plotted to show the population of VC, EA, LA, and NC cells (**C**).\
**Note:** \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 compared with the negative control sample.\
**Abbreviations:** VC, viable cells; EA, early apoptotic; LA, late apoptotic; NC, necrosis cells; NGO, nano graphene oxide; PI, propidium iodide; NP, nanoparticles.](ijn-13-6871Fig10){#f10-ijn-13-6871}

![Effects of NGOs with different concentrations after 24 hours on the expression of *BCL2* (**A**), *BAX* (**B**), relative *BAX*/*BCL2* (**C**) genes in lymphocyte cells.\
**Notes:** Data were reported as mean ± SD. \**P*\<0.05 and \*\**P*\<0.01 compared to the control group.\
**Abbreviations:** NGO, nano graphene oxide; *BCL2*, B-cell lymphoma-2.](ijn-13-6871Fig11){#f11-ijn-13-6871}

###### 

Primer sequences of *GAPDH*, *BCL2*, and *BAX* genes

  Gene                      Forward and reverse primers   PCR fragment size (bp)   Length
  ------------------------- ----------------------------- ------------------------ --------
                                                                                   
  *GAPDH*                   ACACCCACTCCTCCACCTTTG         112                      21
  TCCACCACCCTGTTGCTGTAG                                   21                       
  *BCL2*                    AACGTGCCTCATGAAATAAAG         121                      21
  TTATTGGATGTGCTTTGCATTC                                  22                       
  *BAX*                     GGGTGGTTGGGTGAGACTC           199                      19
  AGACACGTAAGGAAAACGCATTA                                 23                       

###### 

Percentage of secondary structure of Hb in the presence of varying concentrations of NGOs

  GO (µg/mL)   \% α-helix   \% β-sheet   \% turn   \% random coil
  ------------ ------------ ------------ --------- ----------------
                                                   
  0            61.23        14.37        12.84     11.56
  5            60.48        14.68        13.02     11.82
  10           57.71        15.38        14.31     12.60
  15           54.27        16.48        16.12     13.13
  25           51.61        17.29        17.25     13.85

**Abbreviations:** GO, graphene oxide; NGO, nano graphene oxide.

###### 

Summary of already published papers regarding the interaction of NGOs with different cells

  NP                                     Cell line                                                                                Outcome                                                                           References
  -------------------------------------- ---------------------------------------------------------------------------------------- --------------------------------------------------------------------------------- ------------
                                                                                                                                                                                                                    
  NGOs                                   Human lung cells (BEAS-2B)                                                               Induction of apoptosis                                                            49
  NGOs and SWCNT                         Human hepatoma HepG2                                                                     Protein profile showed oxidized SWCNTs stimulated more oxidative stress than GO   50
  NGOs and reduced GO                    HUVEC, human osteosarcoma cell line (MG-63), and human keratinocytes cell line (HaCaT)   ROS-mediated DNA breakage in GO-treated cells                                     51
  NGOs                                   HLF cells                                                                                Severe genotoxicity                                                               52
  NGOs and carboxyl                      Human hepatocellular carcinoma                                                           Both carbon NPs induced plasma                                                    53
  graphene                               cell line HepG2                                                                          membrane leakage and induction of ROS                                             
  Pegylated NGOs                         Human Saos-2 osteoblasts, human HepG2 hepatocytes, and murine RAW-264.7 macrophages      Different mechanisms in PEG-GOs internalization based on each cell type           54
  NGOs                                   Colon carcinoma (Caco-2)                                                                 Biocompatible GO                                                                  55
  Lead sulfide/reduced GO quantum dots   Human mononuclear blood cells                                                            No cytotoxicity up to 200 µg/mL                                                   56

**Abbreviations:** GO, graphene oxide; NGO, nano graphene oxide; HUVEC, human umbilical vascular endothelial cells; NP, nanoparticle; HLF, human lung fibroblast; SWCNT, single-walled carbon nanotube.
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